We explored the effect of parathyroid hormone (PTH)-induced bone marrow stem cells (BMSCs) complexed with fibrin glue (FG) in the repair of articular cartilage injury in rabbits.
Background
The incidence of articular cartilage injury is about 5% in the normal population, and 22% to 50% in athletes [1] . Arthroscopic screening of patients increased the incidence to 63% [2, 3] . Further, articular cartilage exhibits poor capacity for self-repair. Therefore, articular cartilage injury often leads to osteoarthritis [4, 5] . Until now, several therapies have been used to clinically treat cartilage injury, with poor efficacy [6] [7] [8] [9] . Advances in tissue engineering based on bone marrow mesenchymal stem cells (BMSCs) offer novel insight into the repair mechanisms of articular cartilage [10] . Although the use of autologous BMSCs may be partially effective, the low abundance of BMSCs in bone marrow and the procedures to differentiate BMSCs into chondroblasts are a challenge. Few autologous BMSCs are available, with limited ability to passage and proliferate or de-differentiate in vitro, with significant decline in activity with age and self-injury in the autologous donor site. Therefore, development or discovery of novel cartilage that not only fully meets the standards of growth and repair but also greatly reduces the requirement of autologous BMSCs is imperative.
Parathyroid hormone (PTH) is the ligand for G protein-coupled receptors. PTH plays a dual role in catabolism and anabolism, triggering a series of physiological and biochemical reactions to regulate calcium homeostasis. PTH is one of the key hormones that regulate bone and cartilage growth [11, 12] . It not only affects BMSC differentiation but also inhibits hypertrophic differentiation of chondrocytes and stimulates their proliferation [13] [14] [15] [16] [17] [18] .
Until now, the role of xenogenic BMSCs in the repair of cartilage injury via tissue engineering has not been reported. Therefore, in this study, we investigated into the differentiation of rat BMSCs into chondroblasts in vitro by PTH. We compounded the PTH-induced BMSCs with fibrin glue (FG) to construct xenogeneic PTH/BMSC/FG composites for transplantation into rabbit knee with the articular cartilage injury. We assessed the cartilage repair. We report the synthesis of a novel material for cartilage tissue engineering and regenerative medicine.
Material and Methods

Experimental animals
Ten one-week-old Sprague Dawley (SD) rats were provided by Guangdong Medical Experimental Animal Center (animal quality license: SCXK (Yue) 2008-0002) regardless of gender. Fortyeight healthy adult male New Zealand white rabbits aged six to seven months and weighing 2 kg to 2.5 kg each, were provided by the Experimental Animal Center of Guangzhou University of Traditional Chinese Medicine (License: SCXK(Yue) 2013-0020).
Experimental procedures
BMSC isolation, culture, and identification
SD rats were euthanized and immediately immersed in povidone-iodine for 10 minutes. Rat femurs were isolated from the demised SD rats under a sterile biological Class II-B safety cabinet (Altai Laboratory Equipment Co., Ltd.). The soft tissue surrounding the femurs was removed, following which they were rinsed in phosphate buffered saline (PBS, Institute of Biomedical Engineering, The Chinese Academy of Medical Sciences, China) containing penicillin and streptomycin (100 U/mL) for a total of three washes. After the epiphyseal region was dissected, the marrow cavity was exposed and repeatedly washed using 1 mL syringes filled with L-DMEM (Gibco, USA) medium containing 15% fetal bovine serum (FBS, Hyclone). The flushing fluid was added to the single cell suspension, incubated in 25 cm 2 plastic culture flasks, supplemented with 3 mL L-DMEM medium containing 15% FBS, and cultured in an incubator (Thermo, USA) at 37°C and 5% CO 2 , and saturated humidity. The culture medium was changed every two to three days. The culture was terminated when 80% of the cells completed trypsin digestion and passage. BMSCs were collected after passage four, and prepared as cell suspensions. The CD44 (LifeSpan Biosciences, St. Louis, USA) expression in suspensions was detected by flow cytometry (Tanon, Shanghai).
PTH-induced differentiation of rat BMSCs into chondroblasts
Rat BMSCs (passage 4) were formulated into single cell suspension at a concentration of 1×10 4 cells/mL and seeded into 36 culture plates specifically for laser confocal microscopy, using 1 mL per plate. These plates were randomized into experimental and control groups, containing 18 plates each. In the experimental group, chondroblast medium containing 10 nM PTH (1-34) (Biovision, USA), was used for culture and chondroblast medium without PTH (1-34) was used as the control group. Media were changed every three days. Six samples from each group were collected on days 4, 7 and 14. Six non-overlapping fields were selected under laser confocal microscope (Carl Zeiss, Germany) to examine the expression of type II collagen and aggrecan. The average fluorescence intensity was measured.
Preparation of PTH/BMSCs/FG composites
First, 2.5 mL BMSC culture media were supplemented with 100 mg fibrinogen (100 mg, Sigma, USA) and mixed well to obtain the E solution as the suspension medium. The E solution was used to prepare PTH-induced (E1) and non-PTH-induced (E2) BMSC suspension (1×10 6 cells/mL). The F solution containing 40 mmol/L CaCl 2 (Abcam, USA), 50 IU/mL thrombin (Sigma, USA) and 20 mg/mL tranexamic acid (Abcam, USA) was used to solidify the fibrin-BMSC suspension [19, 20] . Then, 250 µL each of E1 and E2 cell suspension and F solution were added to 24-well plates and mixed well. The mixture quickly turned into a milky jelly and was labeled. Under the inverted phase contrast microscope (Nikon, Japan), BMSCs appeared as spherical and evenly distributed cells in the support materials. Eight hours after the BMSCs were glued to the FG support, the composites were transplanted into the rabbit knee sites to treat cartilage loss.
Experimental grouping
Forty-eight healthy adult New Zealand white rabbits weighing between 2 kg and 2.5 kg were selected and randomized into 4, 8, and 12 week groups, with 16 rabbits in each group. Both knees were used for this study. Within each group, 16 rabbits were randomized to PTH intervention, non-PTH intervention, injured, and control groups. After the randomization, the rabbits were maintained in separate cages for 14 days.
Preparation of rabbit models for knee articular cartilage loss
After weighing, the New Zealand white rabbits in the PTH intervention, the non-PTH intervention and the injury groups were anesthetized using Sumianxin II (0.2 mL/kg IM) (ZSGBbio, Beijing) and 3% pentobarbital sodium (0.5 mL/kg IV) (ZSGB-bio, Beijing) for surgery. Sanitization was performed and a sterile sheet was used. A 2 cm longitudinal incision was made on the knee externally. The medial patella was dislocated to expose the femoral intercondylar fossa. A 4-mm diameter drill was used to create a 3-mm-deep cartilage defect. The PTH intervention group was transplanted with PTH-induced rat BMSC complexes into the injured area. The non-PTH intervention group included rabbits with non-PTH-induced rat BMSC complexes transplanted into the injured area. No material was transplanted into the injured area in the injury group while no knee injury was induced in the normal control group. Penicillin (40×10 4 IU) was intramuscularly injected once a day into each animal, for 5 days.
Postoperative process
The animals were sacrificed at 4, 8 and 12 weeks after surgery. Samples were collected and the gross observation and histological ranking were evaluated according to the International Cartilage Repair Society (ICRS) ranking scale (Table 1A, 1B) [21] . The immunohistochemical staining of type II collagen and aggrecan was analyzed based on the average optical density in the medical imaging system (Olympus, Japan). Real-time fluorescent quantitative PCR and Western blot were used to examine the expression of type II collagen and aggrecan in the repaired tissue samples. The average integrated optical density of protein was analyzed using gel imaging (Tanon, Shanghai). Each sample was measured three times on average. The whole experimental procedure was strictly based on the Guidance Suggestions for the Care and Use of Laboratory Animals [22] .
Statistical analysis
The data were presented as mean ± standard deviation (SD) representing the results from three independent experiments. The data were analyzed by SPSSl6.0 package (SPSS Inc., Chicago, IL, USA). The comparison of means between groups was tested by one-way ANOVA. The means from multiple samples and a single group with similar variance were compared by LSD-t test. If the variance differed, Dunnett T3 test was used. The graphs were plotted using Graphpad Prisma 5 (GraphPad Software, Inc. USA). A value of p<0.05 was considered statistically significant.
Results
BMSC growth
After 48 hour of BMSC culture, spindle-shaped or polygonal adherent cells were found. On day 3, the number of adherent cells increased. Cells showed polygonal protuberances and grew in a fibroblast-like colony. On day 10, at 90% confluency the cells were tightly packed in swirling or radial shapes, indicating possible cell passage. Cell passages were performed every 5 to 7 days. BMSCs were obtained with a higher purity after each passage. The BMSCs after passage 4 were of the highest purity. Flow cytometric analysis revealed a high CD44 expression (93.76%) in BMSCs at passage 4 ( Figure 1 ).
PTH regulates differentiation of rat BMSCs into chondroblasts
Laser confocal microscopy revealed that the green fluorescence of type II collagen and aggrecan was significantly lower in the control group than in the PTH-treated group (p<0.05) ( Table 2A, 
Animal experiments of cartilage repair
Gross observation
All the rabbits were regularly fed starting on day 3 after the surgery. The activities of all the animals were normal two weeks later, with no remarkable differences observed among the groups. No significant rejection or death was observed in the all animals. All surgical incisions were healed by first intention. No abnormal fluid or adhesions were observed in the articular lumen and no cartilage abrasion or osteophytes were seen around the injured area during the sample collection.
In the injury group at week 4 to 12 post-surgery, granulation was seen in the damaged cartilage area. The boundary with the surrounding cartilage was clearly visible ( Figure 3A ).
In the non-PTH intervention group, during week 4 to 8 postsurgery, the repaired tissue appeared gray with a rough surface and a clear boundary. At week 12 post-surgery the repaired tissue appeared cartilage-like with somewhat smooth surface and hazy boundary ( Figure 3B ).
In the PTH intervention group at week 4 to 8 post-surgery, the injured area was filled with hyaline tissue, with a relatively smooth surface and faint boundary. At week 12 post-surgery, the repaired tissue was similar in color with the surrounding cartilage presenting a smooth surface and indistinguishable boundary ( Figure 3C ).
The control group showed normal articular cartilage without significant degeneration during weeks 4 to 12 post-surgery ( Figure 3D ).
Two independent and unrelated pathologists evaluated the week 12 samples according to the ICRS scale for gross tissue Grade IV severely abnormal 3- 1   Table 1A . The ICRS ranking scale of the gross observation.
Histologic appearance Points
I Surface
Smooth/level with normal 4
Smooth 3
Irregular 2 Clefts 1
Clefts to bone 0
II Matrix
Hyaline-like cartilage 3
Hyaline and fibrocartilage 2 Minor disruption (<25% of area) 1
Major disruption (>25% of area) 0
VI Cartilage mineralization
Normal 3
Abnormal/heterotopic calcification 0 repair and found that the PTH intervention group (PTH/BMSC/FG complex) scored significantly higher than the non-PTH intervention (BMSC/FG complex) and injury groups (p<0.05) with scores similar to the normal control group (p>0.05) ( Table 3) .
H&E staining
In the injury group, the injured area was repaired by fibroid tissue during week 4 to 12 post-surgery, and no chondrocytes were observed ( Figure 4A ).
In the non-PTH intervention group, at week 4 post-surgery, the injured area was mainly repaired by fibroid tissue and a few abnormal chondrocytes were seen in the deep layer. At week 8 after surgery, chondrocytes were observed in the deep layer of the repaired tissue. During week 12 after surgery, additional immature chondrocytes were seen in the repaired tissue together with cartilage lacunae ( Figure 4B ).
In the PTH intervention group, at week 4 after surgery, the injured area was mainly repaired by fibrous cartilage-like tissue with low cell density. At week 8 after surgery, the injured area was mainly repaired by hyaline cartilage with high chondrocyte proliferation. At week 12 post-surgery, the typical columnar cartilage lacunae and intact subchondral bone were tightly connected with surrounding cartilage in the repaired tissue ( Figure 4C ).
In the normal control group, a hyaline cartilage with smooth surface and structured layer and clear architecture was observed ( Figure 4D ).
Two pathologists unrelated to this study evaluated the samples according to the ICRS scale for histological ranking and found that although the scores of the PTH intervention group (PTH/BMSC/FG complex) were lower than that of the normal control (p<0.05), they was significantly higher than that of non-PTH intervention (BMSC/FG complex) and injury groups (p<0.05). Eventually, they were close to the normal control group (p>0.05) by week 12 after surgery (p>0.05) ( Table 4) .
Immunohistochemistry
Immunohistochemistry of type II collagen and proteoglycan in each group was evaluated during the weeks 4, 8 and 12 after surgery and the average optical density was calculated. The results showed that the expression of type II collagen and aggrecan in the repaired tissue was negative at all time points in the injury group, but strongly positive in the normal control group. Samples in the PTH and non-PTH intervention groups stained positive for type II collagen and aggrecan by week 4 after surgery. The PTH intervention group showed stronger signal than the non-PTH group and the difference between PTH-intervention, non-PTH intervention, and injury groups was increasingly significant (p<0.05). By week 12, the expression of type II collagen and aggrecan in the repaired tissue from PTH intervention almost resembled the normal controls (p>0.05) ( Figure 5A-5J) ).
RT-PCR
Real-time fluorescent quantitative PCR was used to test the relative mRNA expression of type II collagen and aggrecan in the repaired tissue from each group. The results indicated that the mRNA levels of type II collagen and aggrecan in the repaired tissue were low and remained constant over time in the injury group. were significantly higher than in the non-PTH intervention and injury groups at the same time point (p<0.05). By week 12, the type II collagen and aggrecan levels in the repaired tissue were equal to that of normal control group (p>0.05). The normal control group showed increased mRNA expression of both type II collagen and aggrecan at all time points (Figure 6A-6F ).
Western blot
Western blot revealed type II collagen and aggrecan expression in week 12 samples of each group. However, the injured group showed the lowest average integrated optical density of type II collagen and aggrecan while the normal control group expressed the highest level. The non-PTH intervention group (BMSC/FG) showed a higher average integrated optical density than the injury group. The PTH intervention group (PTH/BMSC/ FG) showed a higher average integrated optical density than the injured and non-PTH intervention groups (p<0.05), which resembled the normal control group (p>0.05) ( Figure 7A-7C ).
Discussion
Articular cartilage injury has multiple etiologies. Autologous repair using articular cartilage grinding and microfracture, or transplantation of periosteum and perichondrium resulted in unsatisfactory histological outcomes [23] [24] [25] [26] . The development of cartilage tissue engineering has opened new avenues for the repair of injured cartilage. BMSCs are the seed cells for cartilage tissue engineering, and are easily obtained from multiple sources compared with chondrocytes. As well, it is easy to maintain their phenotype in vitro. However, the abundance of BMSCs in bone marrow is low, about one in every 10 5 to 10 6 bone marrow nucleated cells [27] . Further, BMSC-derived chondrocytes are not identical to autologous chondrocytes. Allogeneic BMSCs obtained from individuals other than the patient adversely affect the donor and increase the surgical expense. They cannot meet the demand for seed cells in cartilage tissue engineering.
However, BMSCs do not induce immune rejection in vivo and play an immunosuppressive role [28] [29] [30] . Articular cartilage lacks nerve, blood, or lymph vessels, thereby resulting in weak antigenicity. In the absence of studies reporting the application of allogeneic BMSC seed cells for repair of cartilage injury, we used rat BMSCs to study the repair of knee articular cartilage injury in New Zealand white rabbits. Studies [31] [32] [33] [34] [35] [36] reported that the efficiency of in vitro differentiation of BMSCs into chondrocytes was poor and the de-differentiation rate was high, which required cytokine induction. PTH, one of the boneseeking hormones, is a polypeptide hormone synthesized and secreted by the chief cells in the parathyroid. PTH has been shown by various studies [11] [12] [13] [14] 37 ] to induce BMSCs proliferation, which is consistent with our preliminary results [38] . Our results indicate that PTH induced rat BMSC differentiation into chondroblasts and chondrocytes. Therefore, we performed xenogeneic cartilage transplantation using PTH-induced rat . Type II collagen immunochistochemical detection of the postoperative 12w restoration tissue (×100 magnification); (A) for the injury group, the staining was negative; (B) for the non-PTH intervention group, the staining was positive, but it was weaker than the PTH intervention group; (C) for the PTH intervention group, the staining was positive, and it was close to the normal control group; (D) for the normal control group, the staining was the best positive. (E) The average optical density of type II collagen in different groups. All date were expressed as mean ± standard deviation, n=6; Compared with injury group or non-PTH intervention group, * p<0.005; Compared with normal control group, # p<0.05; Compared with PTH intervention group on the 4 th week, $ p<0.05 or on the 8 th week, & p<0.05. Aggrecan immunochistochemical detection of the postoperative 12w restoration tissue (×100 magnification); (F) for the injury group, the staining was negative; (G) for the non-PTH intervention group, the staining was positive, but it was weaker than the PTH intervention group; (H) for the PTH intervention group, the staining was positive, and it was close to the normal control group; (I) for the normal control group, the staining was the best positive. (J) The average optical density of aggrecan in different groups. All date were expressed as mean ± standard deviation, n=6; Compared with injury group or non-PTH intervention group, * p<0. 005 BMSCs complexed with the FG support to repair rabbit knee articular injury and evaluate postoperative outcomes.
In the PTH intervention group, the injured area was covered by repaired tissue four weeks after transplantation of PTH/ BMSC/FG complex from both gross and histological perspectives. However, the surface was rough and dull, and the repaired tissue was dominated by fibrous granulation tissue. Eight weeks after surgery, the injured area was covered by tissue containing hyaline chondrocytes with smooth surface and occasional cartilage lacuna. However, the repaired tissue at the injured site in the non-PTH intervention group (BSMC/ FG complex) was still dominated by fibrous tissue containing scattered chondrocytes. In the injured group, the cartilage loss was clearly visible with a clear boundary. By week 12 post-surgery, the injured area was fully repaired with smooth hyaline cartilage in the PTH group (PTH/BMSC/FG) manifesting tissue impedance and elasticity. Typical cartilage lacunae with columnar alignment, continuous subchondral tide line, and intact subchondral bone were seen in the repaired tissue. The boundary with the normal surrounding cartilage tissue disappeared and differed very little structurally compared with the articular cartilage in the control group. In the non-PTH intervention group, although the injured area was covered with hyaline cartilage tissue dominated by immature chondrocytes, it differed structurally from the control group. In the injured group, the cartilage loss was still visible and the injured area was only covered by fibrous tissue with scattered chondrocyte-like matrices. No chondrocytes or cartilage lacunae were seen and the boundary was clear. The data suggested that PTH/BMSC/FG complex promoted repair and regeneration of cartilage in a time-dependent manner. 
A B C
Cartilage matrix has been reported to play an important role in supporting and protecting chondrocytes as well as in the regulation of information flow, adhesion, proliferation, and differentiation of chondrocytes [39, 40] . Therefore, we used immunohistochemistry to analyze the synthesis of cartilage matrix in each group. By week 4 post-surgery, except for the injured group, all the experimental groups showed varying levels of cartilage matrix synthesis. The synthesis in PTH intervention group (PTH/BMSC/FG complex) was less than in the normal control group but was higher than in the non-PTH intervention (BMSC/FG complex). Eventually, all the groups other than the control group, showed increased synthesis of cartilage matrix. By week 12, no significant difference in the synthesis of cartilage matrix was found between the PTH intervention group (PTH/BMSC/FG complex) and the normal control. PTH intervention (PTH/BMSC/FG complex) was superior to non-PTH intervention and injury groups not only in the synthesis of cartilage matrix but also in the thickness of the regenerated cartilage, the structure of the subchondral bone, and the formation of tide lines. It differed little from the normal control in the structure of articular cartilage at week 12 post-surgery, indicating that PTH/BMSC/FG complex stimulated cartilage synthesis and promoted the repair.
Type II collagen is not only the major collagen component in cartilage matrix but also the specific extracellular matrix that is required to differentiate BMSCs into chondrocytes. Aggrecan stabilizes the structure of cartilage extracellular matrix and therefore, serves as an indispensable structural component [41] .
In this study, we used RT-PCR and Western blot to identify the expression of type II collagen and aggrecan in the repaired and normal cartilage. Compared with the injured group, type II collagen and aggrecan mRNAs were detected four weeks after surgery in the PTH intervention (PTH/BMSC/FG complex) and non-PTH intervention groups (BMSC/FG complex) in a timedependent manner with higher mRNA levels detected in the PTH group. By week 12 after surgery, both mRNA levels in the PTH intervention group were close to the normal control group, and were significantly higher than in the non-PTH intervention and the injured group. Western blot showed that the protein levels of type II collagen and aggrecan in the repaired tissue derived from the PTH intervention group were higher than in the non-PTH intervention and injured groups. They were not significantly different from those in the normal control group, suggesting that PTH/BMSC/FG complex played a critical role in the repair of injured articular cartilage. [28] [29] [30] . Lack of nerves, blood, or lymphatic vessels in the cartilage tissue contributed to poor antigenicity of cartilage. Our results showed that rat BMSCs induced no significant rejection or only mild immune reactions in rabbits. However, our pilot study only focused on the role of xenogeneic cartilage transplantation of PTH-induced rat BMSCs for the repair of articular cartilage injury in rabbit knee. Therefore, the study limitations relate to the short observation period. Long-term studies are needed to corroborate the preliminary findings reported here.
Conclusions
Our results suggested that the PTH/BMSC/FG complex comprising PTH-induced rat BMSCs complexed with FG, effectively promoted the repair and regeneration of articular cartilage injury in rabbit knee. The newborn cartilage secreted extracellular matrix and manifested normal function of hyaline cartilage.
